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We have addressed the need for improved measurements of10
cloud condensation nuclei (CCN) by developing a continuous-flow
instrument that provides in situ measurements of CCN. The design
presented in this article can operate between 0.1 and 3% supersat-
uration, at sampling rates sufficient for airborne operation. The
design constitutes a cylindrical continuous-flow thermal-gradient15
diffusion chamber employing a novel technique of generating a su-
persaturation: by establishing a constant streamwise temperature
gradient so that the difference in water vapor and thermal diffu-
sivity yield a quasi-uniform centerline supersaturation. Our design
maximizes the growth rate of activated droplets, thereby enhanc-20
ing the performance of the instrument. The temperature gradient
and the flow through the column control the supersaturation and
may be modified to retrieve CCN spectra.

The principle of the CCN instrument was validated in con-
trolled laboratory experiments at different operating conditions25
using a monodisperse aerosols with known composition and size.
These experiments yield sharp activation curves, even for those ki-
netically limited particles that have not exceeded their critical di-
ameter. The performance of the CCN instrument was also assessed
using polydisperse laboratory-generated aerosol of known compo-30
sition and size distributions similar to ambient particulate matter.
In all tests, the measured CCN concentrations compared well with
predicted values and highlight the instrument’s ability to measure
CCN at various size distributions.

The full potential of the new design has yet to be explored;35
however, model simulations suggest that direct measurements in
the climatically important range of supersaturations of less than
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0.1% (certainly down to 0.07%) are possible. The new instrument
clearly offers a unique level of design simplicity, robustness, and
flexilibity (temperature control, large range of supersaturations
without flow reversal, and multiple configurations for same super- 40
saturation) necessary for atmospheric studies.

INTRODUCTION
The largest uncertainty in anthropogenic climate change

stems from aerosol–cloud interactions and their effect on the at-
mospheric radiative balance and hydrological cycle (Houghton
et al. 2001). Aerosols are precursors to cloud droplets, and their 55
size, concentration, and affinity to water vapor directly influ-
ence cloud microphysical and radiative properties. Models and
field observations (e.g., Kaufman et al. 1998; Ramanathan et al.
2001; Raes et al. 2000) have shown that the presence of an-
thropogenic aerosols can increase cloud droplet concentrations 60
in low-level clouds and exert a climatic cooling effect by en-
hancing cloud albedo (Twomey 1977; Charlson et al. 1992) and
decreasing precipitation efficiency (Albrecht 1989; Rosenfeld
1999). Establishing a quantitative relationship between aerosols
and cloud properties is a requirement for understanding anthro- 65
pogenic climate change, but it has not been accomplished to
date.

Measurements of those particles that can become cloud
droplets (or cloud condensation nuclei, CCN) are essential for
providing a quantitative link between cloud microphysics and 70
the physicochemical properties of aerosol. Observations are
typically represented as number of CCN as a function of wa-
ter vapor supersaturation (otherwise known as supersaturation
spectrum). This is done because each CCN particle requires a
minimum water vapor supersaturation, or critical supersatura- 75
tion, Sc, to convert into a cloud droplet. When exposed to super-
saturations larger than Sc, particles must grow to a critical diam-
eter, Dpc, before reaching a mode of unstable (unconstrained)
growth, otherwise known as activation. Upon activation, wa-
ter vapor spontaneously condenses onto CCN, which quickly 80
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grow to a large size (ca. 10 µm in ambient clouds) limited only
by diffusional kinetics and the availability of water vapor. Sc

and Dpc are a strong function of dry particle size and chemical
composition.

Instruments that measure CCN concentrations at a single su-85
persaturation have existed for decades. The thermal gradient
diffusion cloud chamber (or static diffusion chamber) is per-
haps the most widely used since its introduction by Twomey
(1963). A known supersaturation profile develops in the cham-
ber between two wet parallel plates. Once activated, aerosol90
particles grow and gravitationally settle out of the illuminated
sample volume. To obtain CCN concentrations, the chamber
must be flushed and isolated to allow the supersaturation profile
to develop. Therefore, a single measurement requires at least
20 s at a particular supersaturation. The lowest supersaturation95
at which CCN can be measured in static diffusion chambers
is greater than 0.2% (Sinnarwalla and Alofs 1973; Nenes et al.
2001a) due to insufficient time for droplet growth, and this is
not low enough to match supersaturations found in some ma-
rine stratus clouds. Calibration of the static diffusion chamber100
is obtained empirically and has been investigated by several
groups (Lala and Jiusto 1977; Bartlett and Ayers 1981; Oliveira
and Vali 1995; Delene et al. 1998). To overcome some of the
limitations of the static thermal-gradient chamber, several vari-
ations of the continuous-flow parallel plate thermal diffusion105
chamber were developed (e.g., Sinnarwalla and Alofs 1973;
Fukuta and Saxena 1979; Hudson 1989). The continuous sam-
ple flow eliminates batch sampling; however, they are limited to
supersaturations larger than 0.1% due to long growth times and
thermophoretic/diffusiophoretic forces (Sinnarwalla and Alofs110
1973; Nenes et al. 2001a).

Hudson (1989) employed an extension of the continuous-
flow thermal chamber technique to develop a CCN spectrome-
ter with a reported range of supersaturations between 0.01 and
1%. Chuang et al. (2000) used an alternating-gradient technique115
to construct a continuous flow CCN spectrometer with cylin-
drical symmetry by combining concepts from Hudson (1989)
and Hoppel (1979). Both of these instruments operate on the
requirement that particles with the same critical supersatura-
tion will exhibit the same growth behavior when exposed to120
identical supersaturation fields. In practice, however, this is not
the case, particularly for carbonaceous aerosol containing sur-
factants and slightly soluble material that changes the Köhler
curves and modifies growth behavior. Many studies clearly
show this; for example, Shulman et al. (1996) and Facchini125
et al. (1999, 2000) show that organics change the droplet’s
surface characteristics and hence influence their growth rates.
More recent modeling and experimental studies (i.e., Hegg
et al. 2001; Feingold et al. 2002; Chuang et al. 2003; Shantz
et al. 2003) suggest that the difference in growth rates between130
soluble inorganic and organic particles has important impli-
cations for cloud microphysical studies; however, unambigu-
ous experimental evidence of such effects on scales relevant

for global aerosol still remains to be determined. Nonethe-
less, differences in the growth kinetics between CCN with the 135
same critical supersaturation compromises the usefulness of
the methodology assumed by the aforementioned CCN spec-
trometers. A thorough review and assessment of the perfor-
mance of various CCN instruments is presented by Nenes et al.
(2001a). 140

Constructing a CCN instrument that is widely applicable
(particularly for airborne measurements) must satisfy stringent
constraints of size, weight, and power consumption. In addition,
the high aircraft velocity requires rapid measurements to quan-
tify CCN within an adequate temporal and spatial resolution 145
for cloud studies. CCN instruments have been deployed in air-
craft since their conception (e.g., Twomey and Wojciechowski
1969), and recently smaller, autonomous CCN instruments have
been developed for research aircraft. Delene et al. (1998) de-
ployed a static thermal-gradient chamber on tethered balloons 150
to obtain vertical profiles of CCN at 1% supersaturation within
the troposphere. However, one sample every 20 s (a constraint
of static diffusion chambers) limits the instrument’s deploy-
ment on a fast platform or in variable atmospheric condi-
tions. The continuous flow alternating-gradient CCN instru- 155
ment developed by Chuang et al. (2000) was developed for
airborne deployment and may be used as a single supersatu-
ration instrument. However, the oscillations in supersaturation
along the column’s axis slow down or even reverse particle
growth, so less of the instrument is utilized for particle growth 160
(Nenes et al. 2001a). Our instrument combines important fea-
tures of continuous-flow parallel plate diffusion chambers (e.g.,
Sinnarwalla and Alofs 1973; Fukuta and Saxena 1979; Hudson
1989) and cylindrical diffusion chambers (e.g., Hoppel et al.
1979; Chuang et al. 2000)—these features include continuous 165
flow for high resolution measurements; exposure of a particle
to a constant supersaturation, which maximizes particle growth;
and cylindrical symmetry that minimizes buoyancy effects, in-
strument size, thermo- and diffusiophoretic forces, and logisti-
cal issues (i.e., column wetting, droplet detection, temperature 170
control).

CCN measurements are among the most demanding in at-
mospheric sciences; obstacles in instrument development and
data interpretation pose inherent problems that originate from
the low water vapor supersaturation that exists in clouds. De- 175
veloping a technique that generates ambient supersaturations
in a controlled manner, within a small package that responds
quickly to ambient changes (necessary conditions for in situ
aircraft measurements), has proven to be challenging. In ad-
dition, instrument development in this field is often empirical, 180
often leading to measurements with unquantified uncertainty.
Future studies on aerosol–cloud–climate interactions require a
serious effort to provide adequate instrumentation to bridge the
gap between aerosols and clouds. Significant improvements in
the measurement techniques are needed, and this development 185
constitutes an important step in this direction.
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BACKGROUND
The ability of an aerosol particle to serve as a CCN depends

on its size and chemical composition. The ratio of equilibrium
water vapor pressure at the surface of the droplet to that of190
pure water over a flat plane is the equilibrium saturation ra-
tio, SR

eq, and in its simplest form it is described by “classi-
cal” Köhler theory (Köhler 1936; Pruppacher and Klett 1997;
Seinfeld and Pandis 1998). In its simplest form (e.g., Equation
(10)), two competing terms describe SR

eq; the surface tension195
term (i.e., the Kelvin effect) accounts for enhanced vapor pres-
sure due to droplet curvature and scales with inverse diame-
ter, Dp

−1, and the dissolved solute term (i.e., the Raoult effect)
depresses the water vapor pressure at the droplet surface and
scales with Dp

−3. The maximum SR
eq of the Köhler curve de-200

fines the critical supersaturation, Sc, and occurs at the droplet’s
critical diameter, Dpc. The droplet can be in stable equilibrium
with its environment when its diameter is less than Dpc. How-
ever, when the particle is exposed to a supersaturation S > Sc

and Dp > Dpc, the particle activates and continues to grow as205
long as the surrounding water vapor pressure in the air is greater
than the equilibrium vapor pressure of the solution droplet (this
is mostly true for ambient clouds, except for cases of very high
CCN concentrations; e.g., Nenes et al. 2001b).

The shape of the Köhler curve controls droplet growth and is210
readily modified by surfactants and slightly soluble constituents
in ambient aerosols. The presence of surface-active substances
from the water-soluble organic carbon (WSOC; in particular,
humic-like substances, HULIS), has a significant influence on
the equilibrium vapor pressure by reducing the droplet’s sur-215
face tension (Shulman et al. 1996; Facchini et al. 2000; Mircea
et al. 2002), which lowers Sc and facilitates droplet growth.
Slightly soluble compounds and soluble gases also affect the
shape of the Köhler curve (Shulman et al. 1996; Laaksonen
et al. 1998) and may even allow the occurrence of stable, un-220
activated droplets of 20 µm diameter in realistic, albeit pol-
luted, conditions. It is possible that the presence of organic
surfactants (so-called film-forming compounds) may also af-
fect the rate of water vapor condensation and thus potentially
have a strong effect on cloud droplet number and dispersion225
(Feingold and Chuang 2002; Nenes et al. 2002; Chuang 2003).
Such “chemical effects” on the Köhler curve result in different
droplet growth kinetics and may impose challenges in distin-
guishing activated from unactivated droplets, as well as man-
dating redefinition of what constitutes a CCN. Nonetheless, in-230
terpreting measurements from CCN instruments requires an un-
derstanding of these nuances and proper assessment of their im-
portance in light of aerosol–cloud interactions.

DESCRIPTION OF THE CONTINUOUS-FLOW
STREAMWISE THERMAL-GRADIENT235
DIFFUSION CHAMBER

Before the inception of the new design, we initially intended
to adopt the single-supersaturation alternating-temperature con-

cept introduced by Hoppel et al. (1979), but within a ax-
isymmetric flow geometry (i.e., a design similar to that of 240
Chuang et al. 2000). The disadvantage of this methodology is
that the supersaturation profile oscillates in the axial direction
(Figure 1a); hence, the droplets are exposed to a range of su-
persaturations that introduce measurement uncertainty and even
limit droplet growth (the instrument may be subsaturated at 245
certain points, thus evaporating the droplets). Simulations of
the alternating-gradient technique achieved only marginal per-
formance using a fully coupled model developed by Nenes
et al. (2001a). Hence, while trying to improve the alternating-
temperature design, successive sections were heated slightly 250
warmer than previous ones to prevent the airstream from equi-
librating in a single heated section. This pattern was extended
along the column, resulting in a nearly constant centerline su-
persaturation with small oscillations about the mean. Extend-
ing this concept to smaller simulated heated sections and a 255
more uniform increase temperature resulted in a linear temper-
ature gradient and a smooth, quasi-uniform centerline supersat-
uration (Figure 1b) that allowed for continuous growth of the
droplets throughout the instrument.

We then conceived the simplest possible implementation; the 260
heated sections were replaced with a continuous temperature
gradient achieved by conduction along a conductive cylindri-
cal wall (Figure 2). This change not only improves the perfor-
mance of the CCN instrument by stabilizing the supersatura-
tion profile, but it also vastly simplifies the design. Instead of 265
controlling the wall temperatures for 14 (or more) sections as
in Chuang et al. (2000), the desired temperature profile may be
established by regulating the temperature at each end of the col-
umn. Only after the successful development, characterization
of the prototype, and deployment of the instrument on an air- 270
craft did we become aware of the work by Rogers and Squires
(1977). Patrick Squires explored this concept four decades ago
(Rogers, personal communication); however, a broad droplet
spectrum observed by the optical particle counter impeded
further development. Our simulations suggest their apparatus 275
could exhibit a nonlinear temperature profile and flow instabil-
ity near the wetted surface in certain conditions (Section 6).
Our design and implementation ensures that such issues never
appear. In the following paragraphs we describe the operation
of the new CCN instrument by discussing the main components 280
(shown in Figure 2), and then we proceed with a thorough the-
oretical description of the instrument in the sections “Theory of
Operation” and “Fully Coupled Instrument Model,” and exper-
imental validation in the final two sections, “Instrument Perfor-
mance and Design Constraints” and “Instrument Validation.” 285
We advise the reader that several improved versions of this in-
strument have since been constructed; we describe the original
device in this manuscript.

Temperature Control
A vertical cylindrical column in Figure 2 constitutes 290

the CCN growth chamber. The column’s inner surface is
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FIG. 1. (a) The alternating gradient technique for repeating hot/cold sections in cylindrical symmetry. The upper graph shows the alternating temperature
gradient (horizontal bars) and the development of the supersaturation profile near the centerline of the chamber (multiple sinusoidal lines). Notice that the
minimum saturation ratio briefly drops below 1 (<0% supersaturation) just after the cold sections. Droplets momentarily evaporate during this period. The lower
graph illustrates the contours of the supersaturation profile in the radial, r, and streamwise, z, dimensions. The centerline is at r = 0. The dashed line approximates
the aerosol boundary in the column. (b) The linear thermal-gradient technique in cylindrical symmetry. The upper graph shows the linear temperature gradient
(straight line) and the development of the uniform supersaturation profile near the centerline of the chamber. Notice that unlike (a), the supersaturation is always
positive (or SR > 1) throughout most of the instrument. The lower graph illustrates the contours of the supersaturation profile in the radial and streamwise
dimensions. The centerline is at r = 0. The dashed line approximates the aerosol boundary in the column.

maintained wet and exposed to an increasing temperature gra-
dient along the streamwise vertical axis. The dimensions of the
column are 10.9 mm radius and 360 mm long and wall thick-
ness of 8 mm. To generate a nearly linear temperature gradient,295
the column’s walls must be sufficiently thick so that heat trans-
fer in the streamwise axis (within the wall) is much greater than
the convective heat losses to the sample flow and through the

insulation surrounding the column. Four thermal electric cool-
ers (TECs) surround the column on each end to maintain the 300
prescribed temperature (and temperature gradient). The TECs
are mounted on each side of a 34 mm × 34 mm × 38 mm block
that securely fits around the column, and heat-conductive sil-
icon paste between the TECs, block, and the column ensures
proper heat transfer. Temperature measurements are made at 305
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FIG. 2. Operational and flow schematic of the streamwise thermal gradient
CCN instrument.

six locations along the column (shown in Figure 2) with type
E thermocouples (subsequently replaced with resistance tem-
perature detectors (RTDs) due to higher precision and lower
noise).

The top column temperature, Tc, operates slightly above310
the ambient temperature surrounding the instrument; the abso-
lute value is not critical for the overall operation (section “In-
strument Performance and Design Constraints”) as long as the
growth chamber is sufficiently insulated to maintain the linear
temperature profile. The sheath flow is actively heated with re-315
sistance wire to slightly above Tc (ca. 1 K) to prevent inadver-
tent activation of particles in the entrance portion of the column
where the sample and sheath flows rejoin. Another resistance
wire heater keeps the optical particle counter (OPC) slightly
warmer than the bottom-column temperature, Th, to prevent320

condensation of water vapor on the optics and detector. The res-
idence time of the activated drops within the OPC is too small
to be affected by the raise in temperature. The OPC is heated to
ca. 2 K above Th during normal operation.

Flow Control 325

The schematic in Figure 2 also shows the flow system of the
CCN instrument. A Y-shaped inlet splits the sample airstream
into separate aerosol and sheath flows while minimizing im-
paction losses. The aerosol sample flows through a stainless-
steel capillary, while a differential pressure sensor (5′ ′ H2O full- 330
scale, temperature-compensated Honeywell sensor) across the
capillary measures the volumetric flow. The differential pres-
sure has been calibrated to volumetric flow using an inline bub-
ble flow meter. Electrically conductive tubing for the sample
flow is made as short as possible to minimize diffusion losses, 335
which have been calculated to be less than 3% for 27 nm diam-
eter particles (1% Sc for ammonium sulfate, (NH4)2SO4 par-
ticles). Impaction losses are negligible for aerosol that is less
than 10 µm diameter (0.00014% Sc for (NH4)2SO4 particles).

The sheath flow is directed through a total aerosol filter, cap- 340
illary flow meter, pump, humidifier, and heater before being in-
troduced into the headspace above the wetted column. A mesh
separates the headspace and the wetted column, and via a slight
pressure gradient it uniformly distributes the aerosol-free hu-
midified sheath flow. Before rejoining with the aerosol flow, 345
the sheath flow is allowed to achieve fully developed annular
flow. This annular configuration keeps the sample in a region
of nearly uniform supersaturation in the centerline region to
minimize wall losses. We nominally use a 10-to-1 volumetric
ratio for the sheath and aerosol flow rates, also referred to as a 350
sheath-to-aerosol ratio (SAR) of 10. We tested the configuration
with SARs between 5 and 20, which allows us to optimize the
flow rate depending on the CCN number concentration. Small
SARs can be used for low concentrations to achieve sufficient
counting statistics, while larger SARs are useful in regions of 355
high aerosol concentrations to minimize coincidence losses in
the OPC.

After the sheath and aerosol flows have been rejoined, the
air then flows vertically downward through the chamber and
is exposed to the temperature gradient along the wetted sur- 360
face. Particles with a critical supersaturation less than the cen-
terline S activate and grow into droplets. The length of the col-
umn and flow rate must be optimized to achieve sufficiently
large particles to separate activated from unactivated (intersti-
tial) droplets. A collector cone at the bottom of the chamber fo- 365
cuses the sample and sheath flows and introduces the airstream
into the OPC. The cone has an included angle of 30◦ (i.e.,
15◦ from the flow axis), and its opening is slightly smaller
than the chamber diameter so that excess water drains along
the walls without flooding the OPC. A pump downstream of 370
the OPC pulls the airstream through the instrument. Dead vol-
umes and orifices are placed between each of the diaphragm
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pumps and the column to eliminate pressure oscillations in the
growth chamber. Software controls the pumps’speeds to main-
tain a constant flow and SAR.375

Optical Particle Counter
An optical particle counter (OPC) employs standard light-

scattering techniques to detect droplets at the outlet of the
growth column. The OPC (Model 9012) is available com-
mercially through MetOne Intruments, Inc. (Grants Pass, OR,380
USA) and uses a 780 nm, 30 mW wavelength photodiode laser.
The light enters the scattering chamber through a cylindrical
focal-length lens, which focuses the beam to a 0.1 mm thick
sample volume at about 1 mm from the end of the inlet. Mea-
sured pulses are typically 10 µs. A gold surface elliptical mirror385
is mounted opposite the detector about 10 mm from the scatter-
ing volume and reflects a 100 degree solid angle fraction of
the scattered light to the detector. The detector is a 3.8 mm ×
3.8 mm silicon diode mounted about 15 mm from the scatter-
ing volume, perpendicular to the laser beam. The detector also390
receives an insignificant direct 15◦ solid-angle fraction of the
scattered light. The electronics processor from MetOne counts
and sizes the detector output into six size-selectable bins, which
we have chosen to be 0.5, 0.7, 1.0, 2.0, 3.0, and 6.0 µm. The
size cutoffs of the bins have been calibrated at MetOne, and the395
smallest detectable particle size is 0.3 µm. The number count
of particles with diameters greater than the bin size cutoff is
exported via RS-232 communication at 1 Hz.

A collection cone has been attached to the OPC to bring
the sample into the scattering volume with minimal bias to400
the droplet size spectra. Those droplets larger than 1.0 µm
are considered CCN and comprise the CCN concentration. The
droplet size cutoff imposes constraints on the operational limit
of instrument and is discussed in further detail in the sec-
tion “Optical detection constraints.” The performance of the405
OPC has been assessed and coincidence errors are not signif-
icant for most CCN measurements (see section “Instrument
Validation”).

Column Wetting
Two layers of filter paper (Whatman 1) are used to maintain a410

wetted inner surface of the chamber. A reservoir below the col-
umn supplies the water to the peristaltic pump, which pushes
the water upwards, through the Nafion humidifier (Perma-Pur
Inc.) and into the top of the column. The humidifier conditions
the sheath flow before it enters the column. Water is introduced415
through a radial band of small holes at top of the column for uni-
form distribution around the filter paper. The column is manu-
ally rewetted, and excess water is periodically drained from the
bottom of the column.

Electronics Interface420

The electronic interface for the CCN instruments has been
designed for automatic aquisition and control of previously de-

scribed features of the instrument. Its main parts are a industry
standard ×86-compatible NEC V25 microcontroller, an inter-
face backplane, and various extension boards, which interface 425
the process controller to the various components. Because of its
high modularity, the system is easily scaleable and is therefore
adaptable to the development of the CCN instrument. The in-
terface is assembled in a standard 19′ ′ rack-mounted container.
Seven analog-to-digital (A/D) input channels (16 bit resolution, 430
low noise, 50 Hz suppression) collect temperature and differ-
ential pressure measurements. Eight digitial-to-analog (D/A)
channels (12 bit, low noise, 50 Hz suppression) control the ther-
mal electric coolers, pumps, and resistance heaters. Data stor-
age capabilities on PCMCIA media storage provide ample stor- 435
age space, and a RS-232 interface is also available to connect to
secondary hosts. An integrated menu-driven LCD and six-key
user interface provide an efficient, user-friendly interface for
controlling various parameters and assessing the performance
of the instrument. 440

THEORY OF OPERATION
This section focuses on illustrating the principles for devel-

oping the water vapor supersaturation at any point within the
chamber. The underlying mechanism of generating a supersat-
uration relies on the difference in heat and mass diffusion (e.g., 445
0.21 cm2 s−1 versus 0.25 cm2 s−1 at 294 K, 1 atm, respec-
tively), which is consequence of the low concentration and mo-
lar mass of water vapor with respect to air. Water molecules,
being lighter than N2 and O2, diffuse more quickly in air than
heat because the latter is governed by the collisions between (on 450
average slower) air molecules.

A simple scaling analysis can be employed to explore the
relationship between the main parameters affecting instrument
supersaturation. Heat and mass both diffuse from the walls
of the instrument inward; the timescale needed for mass and 455
heat to reach the instrument centerline is τC = R2/Dv and
τT = R2/α, respectively (Incropera and DeWitt 1990), where
R is the column radius, Dv is the diffusivity of water vapor,
and α is the diffusivity of heat. If the air flow rate is Q,
with an average velocity of V = Q/πR2 , then heat from the 460
wall travels propagates, xT = V τT = Q/πα , in the axial di-
rection before reaching the centerline (a factor of 5/3 should
be introduced if the parabolic velocity profile is considered;
this, however, would not seriously affect our analysis and is
omitted for simplicity). Similarly, mass travels an axial dis- 465
tance, xC = Q/πDv . Therefore, points along the symmetry axis
will have (to first order) the wall temperature and water va-
por concentration at a distance xT and xC upwind, respectively
(Figure 3), i.e., T (0, z) ≈ T (R, z − xT ), and PH2O (0, z) ≈
PH2O (R, z − xc). Furthermore, water vapor is saturated at 470
the walls, hence PH2O (R, z − xc) = Po

H2O (R, z − xc) and
PH2O (0, z) ≈ Po

H2O (R, z − xc). The saturation ratio at the
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FIG. 3. Schematic of the geometry used for the analysis of the section “The-
ory of Operation.”

centerline, SR(z) = PH2 O

Po
H2 O (T )

, will then be

SR(z) = PH2O (0, z)

Po
H2O (T (0, z))

≈
Po

H2O(R, z − xC )

Po
H2O(R, z − xT )

[1]

The temperature profile along the wall, T(R, z), varies lin-
early with z as the instrument operates on the principle of a475
constant axial thermal-gradient. Since xC < xT, the instrument
centerline is supersaturated (once the thermal, water vapor, and
momentum profiles have developed). Substitution of a relation-
ship between xC, xT, wall temperature gradient, and vapor pres-
sure into Equation (1) will then give an explicit relationship480
between supersaturation and instrument parameters.

The equilibrium vapor pressure, Po
H2O, increases with tem-

perature according to the Clausius-Clapeyron equation:

Po
H2O(T2)

Po
H2O(T1)

= exp
[

�Hv

Rg

(
1

T1
− 1

T2

)]

= exp
[

�Hv

Rg

(T2 − T1)

T1T2

]
,

[2]

where �Hv is the enthalpy of evaporation of water and Rg is
the universal gas constant. For small temperature differences,485
T1T2 ≈ T 2

1 and the exponential can be approximated with a
first-order Taylor series expansion:

Po
H2O(T2)

Po
H2O(T1)

≈ 1 + �Hv

Rg

(T2 − T1)

T 2
1

[3]

Substitution of Equation (3) into Equation (1) gives

SR(z) =
Po

H2O (T (R, z − xC ))

Po
H2O (T (R, z − xT ))

≈ 1 + �Hv

Rg

�T

(T (R, z − xT ))2
,

[4]
where �T = T(R, z − xC)−T(R, z − xT). Since the temperature
gradient, G, is constant, �T = G (xT − xC ), where xT − xC can490
be calculated from the residence and diffusional timescales:

xT − xC = (τT − τC )V = V R2
(

1

α
− 1

Dv

)
. [5]

With the above, and since T (R, z − xT ) = T (R, z) − GxT =
T (R, z) − G R2V

α
, the instrument centerline supersaturation, S =

SR − 1, can be expressed as:

S(z) = �Hv

Rg

GV R2(
T (R, z) − G R2V

α

)2

(
1

α
− 1

Dv

)

= �Hv

πRg

GQ(
T (R, z) − 1

π

GQ
α

)2

(
1

α
− 1

Dv

)
.

[6]

Equation (6) gives the functional dependence of centerline 495
supersaturation with respect to the operational (i.e., G, Q) and
other relevant thermophysical (i.e., α, Dv, �Hv) parameters. If
the temperature drop along the length of the column is small
compared to the inlet temperature, then T (R, z) − 1

π
GQ/α ≈

const., and according to Equation (6) S(z) ≈ const. Under such 500
conditions, the instrument operates as a single supersaturation
CCN counter. In reality, since the denominator of Equation (6)
always increases with z, S(z) should drop with roughly a z−2 de-
pendence (if α, Dv do not vary considerably and if the constant
wall temperature gradient is maintained); selecting the right 505
combination of G and Q, however, would give minimal drop
for a wide range of centerline supersaturations.

FULLY-COUPLED INSTRUMENT MODEL
To test the feasibility and performance of the new instru-

ment, design, flow, heat, and mass transfer within the growth 510
chamber have all been numerically modeled to determine the
temperature, water vapor, and supersaturation distributions as a
function of position and time. Laminar flow conditions are re-
quired for proper instrument operation; the Reynolds number is
thus small (typically below 50). Particle activation and growth 515
are simulated by tracking individual CCN as they flow through
the instrument. The equations used to describe aerosol particle
growth are first given in the next section, followed by the gen-
eral form of the gas-phase equations. Finally, the appropriate
boundary conditions and instrument-specific relations for each 520
parameter are given.

Aerosol Growth
The rate of change of droplet size for each of the particles is

calculated from the diffusional growth equation (Seinfeld and
Pandis 1998): 525

Dp
dDp

dt
=

(
S − Seq

R

)
ρw RgT

4Po
H2 O D′

v Mw
+ �Hvρw

4k ′
a T

(
�Hvρw

T Rg
− 1

) , [7]

where Dp is the particle diameter, S = PH2O/Po
H2O − 1 is the

local supersaturation, Seq
v is the equilibrium supersaturation of

the droplet, ρw is the water density, Mw is the molar mass of
water, D′

v is the diffusivity of water vapor in air modified for
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noncontinuum effects (Fukuta and Walter 1970),530

D′
v = Dv

1 + 2Dv
αDp

√
2πMw
RgT

, [8]

where Dv is the diffusivity of water vapor in air, ac is the con-
densation coefficient, k′a is the thermal conductivity of air mod-
ified for noncontinuum effects,

k′
a = ka

1 + 2ka
αT Dpρa cp

√
2πMa
RgT

, [9]

where Ma is the mean molar mass of air, ka is the thermal con-
ductivity of air, ρa is the air density, cp is the heat capacity of535
air, and aT is the thermal accommodation coefficient. For CCN
composed of soluble salts and insoluble material, the equilib-
rium supersaturation of the droplet, Seq

R , is given by Seinfeld
and Pandis (1998):

Seq
R = exp

(
4Mwσ

RgTρwDp
− 6nsMw

πρwD3
p

)
− 1, [10]

where σ is the CCN surface tension and ns is the number of540
moles of solute per particle.

Gas-Phase Equations
Differential momentum, energy, and mass conservation bal-

ances are written for the gas phase assuming a two-dimensional
axisymmetric coordinate system. This results in a system of dif-545
ferential equations, each of which is of the general form,

∂

∂t
(rρφ) + ∂

∂z
(rρuφ) + ∂

∂r
(rρvφ)

− ∂

∂z

(
r	φ

∂φ

∂z

)
− ∂

∂r

(
r	φ

∂φ

∂r

)
= Sφ,

[11]

where r, z are the spatial coordinates, φ is the dependent variable
(e.g., T , C, u, v), Sφ is a source term, and 	φ is a transport
coefficient, both of which depend on the form of φ. Table 1 lists
the expressions of Sφ and 	φ for each type of φ.550

The rate of condensation of liquid water (in moles per vol-
ume of air per second) on the aerosol particles, Jcond, is needed
in the water vapor and energy conservation equations. This
quantity is given by

Jcond = 1

Mw

dwL

dt
≈ π

2

ρw

Mw

n∑
i=1

NiD
2
pi

dDpi

dt
, [12]

where wL is the local liquid water content (kg m−3 air) re-555
lated to the droplet population found in each cell as wL ≈
ρw

π
6

∑n
i=1 NiD3

pi (we assume Ni droplets of diameter Dpi exist

per volume of air, where n is the number of droplet sizes found
in the distribution and ρw is the density of water). dDpi/dt is
calculated from the aerosol growth equations (Equation (7)). 560

The momentum–equation source term, Jbuoy, represents the
momentum generated from thermal buoyancy effects. For ideal
gases it is given by

Jbuoy = −ρg
[

T − Tbulk (z)

Tbulk (z)

]
, [13]

where T is the temperature and g is the component of gravity
in the vertical direction. Tbulk (z) is the radially-averaged tem- 565

perature at position z, Tbulk (z) =
∫ R

0 2π rT (r,z)dr∫ R
0 2π rdr

. Finally, ρ is the

gas-phase density, calculated at Tbulk (z).

Boundary Conditions of Instrument Model
Two types of inlet velocity conditions are considered: fully

developed (i.e., parabolic) or plug flow. The other variables (T , 570
C) are assumed to have a uniform profile at the inlet. At the
walls, a no-slip boundary condition is assumed, u = v = 0,
and for the outlet, ∂u

∂z = 0; v = 0; and ∂T
∂z = 0. A fixed-

temperature condition is used for the walls; this is a function
of the z-position, and it is computed assuming a linear pro- 575
file across the conductive tubing. Given that the temperature
at the two tips Tc (r = R and z = 0), and Th (r = R and z
= L) are known, the wall temperature at a given coordinate z
is Twall (z) = Tc + z[Th − Tc/L]. At the walls, the air is as-
sumed to be saturated with water vapor at the local tempera- 580
ture and at the outlet, ∂C

∂z = 0. Based on the sheath/aerosol
flow ratio, the section of the flow field occupied by the aerosol
is calculated from a mass balance. Also, ∂u

∂r = ∂v
∂r = ∂C

∂r =
∂T
∂r = 0 at the symmetry axis and steady- state conditions are
assumed. Finally, aerosol particles follow the air flow stream- 585
lines with the same velocity as the surrounding air so that sedi-
mentation, coagulation, and Brownian diffusion of particles are
neglected.

Numerical Solution of Conservation Equations
The conservation equations cannot be solved analytically, 590

so a numerical solution is obtained from a finite volume dis-
cretized procedure (Patankar 1980). A hybrid upwind-central
differencing scheme is used for calculating the convective dif-
fusive fluxes over the finite control volumes. The scheme used
employs a staggered grid in which each velocity grid node 595
lies between two scalar volumes, ensuring that the calculated
pressure field is realistic. The Semi-Implicit Method for Pres-
sure Linked Equations (SIMPLE) iterative solution method
(Patankar 1980) is used to solve the hydrodynamic cycle of
the discretized momentum equations, while the particle growth 600
equations are solved numerically using the Livermore Solver
for ODEs (LSODE) solver of Hindmarsh (1983). The com-
puter code used for the numerical simulations was based on the
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TABLE 1
Transfer coefficients and source terms for the gas-phase equations described in the

section “Fully-Coupled Instrument Model”

Conservation law φ 	φ Sφ

Continuity 1 0 0
z-momentum u µ − r ∂P

∂&z + r ∂
∂&z

(
µ ∂u

∂&z

) + ∂
∂&r

(
rµ ∂v

∂&z

) + Jbuoy

r-momentum v µ − r ∂P
∂&r + r ∂

∂&z

(
µ ∂u

∂&r

) + ∂
∂&r

(
rµ ∂v

∂&r

) − µv
r

Heat T ka
cp

�Hv
cp

Jcond

Water vapor C ρ&D − ρJcond

work of Nenes et al. (2001a). The numerical solution was ob-
tained using 150 cells for each spatial coordinate. The aerosol605
growth equations use a variable time step, which is scaled to
the transit time through a computational cell. The computa-
tional grid and time step used ensure that the numerical solu-
tion approaches the asymptotic (with respect to grid density)
limit.610

INSTRUMENT PERFORMANCE AND DESIGN
CONSTRAINTS

Effect of Operation and Ambient Conditions
on Centerline Supersaturation

The fully-coupled model predictions of centerline supersat-615
uration for variable wall temperature gradient, flow rate, entry
temperature, and pressure are shown in Figure 4. Results are
shown for the exit supersaturation (defined as (SR – 1) × 100%)
long after the flows have developed within the instrument. The
numerical model predictions suggest that instrument supersatu-620
ration responds linearly to changes in flow rate (Figure 4a). This
is in agreement with the simple analysis of Equation (6); the nu-
merator is proportional to Q, while the denominator exhibits a
much weaker dependence (because 1/π GQ/α ranges typically
between 0.1 and 10, which is much smaller than the wall tem-625
perature) and thus does not contribute significantly to the super-
saturation response. For the same reasons, the wall temperature
gradient should yield a proportional response on instrument su-
persaturation; the full numerical simulations (Figure 4b) con-
firm this. Predictions of the fully-coupled model suggest that630
varying the total flow rate and temperature gradient changes
supersaturation ca. 0.06% per 100 cm3 min−1 and 0.10% per
K m−1, respectively.

Since the instrument operation relies on the difference be-
tween heat and mass diffusivity, it is expected that pressure635
and temperature variations would affect the centerline super-
saturation, as both α and D depend on those quantities. The nu-
merical model predictions suggest that instrument supersatura-
tion responds linearly to changes in pressure (Figure 4c), while
there is a nonlinear response to changes in entry temperature640
(Figure 4d). These model trends can again be explained with

the simple analysis of Equation (6) after the dependencies of α

and Dv on T , P are introduced. If cp is constant, air behaves like
an ideal gas and k is assumed to follow k = a1 + a2T ,

α = k

ρcp
= a1 + a2T

PMair
RgT cp

= T

P

[
Rga1

cpMair
+ Rga2

cpMair
T

]
. [14]

The diffusivity of water vapor in air is also given by Seinfeld 645
and Pandis (1998),

Dv = Dv,o
Po

P

(
T

To

)
k

, [15]

where k = 1.94 and Dv,o is the value of water vapor diffusiv-
ity at a reference temperature To and pressure Po. Substituting
Equations (14) and (15) into the (1/Dv − 1/α) term of Equa-
tion (6), and assuming that the radial variation of temperature 650
is not significant yields

(
1

Dv
− 1

α

)
=

(
P

T

) (
T k

o

PoDo

1

T k−1
− cpMw

R (a1 + a2T )

)
. [16]

Equation (16) suggests a linear dependence of S(z) on abso-
lute pressure, which is consistent with the fully-coupled sim-
ulations. Temperature, however, should exhibit a nonlinear re-
sponse, which is again seen in the detailed simulations. The 655
difference between α and Dv decrease with increasing T and
decreasing P; both trends are consistent with Equation (16) and
the fully-coupled model results. The absolute pressure and en-
trance temperature of the column influence the supersaturation
ca. 0.03% per 100 mbar and ca. 0.034% per 10 K, respectively. 660
Small changes in S are thus expected during vertical profiles
in airborne measurements. A typical profile may cover a range
of ca. 700 mbar, which corresponds to approximately a 0.2%
change in S. To maintain a constant S, one may vary other pa-
rameters such as the temperature gradient or flow rate to com- 665
pensate the pressure dependence in S. Such transient corrective
algorithms are not included in the current instrument and will
be implemented in the future.
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FIG. 4. Predictions of supersaturation based on fully-coupled model simulations for individual variables at conditions similar to normal operation. The error
bars on the fully-coupled simulations represent one-sigma variations to the mean centerline supersaturation. Supersaturation is defined as (SR − 1) × 100%.

Flow and Streamline Constraints
Before constructing the instrument, extensive simulations670

using the fully-coupled model (see section “Fully-Coupled In-
strument Model” above) placed operational and dimensional
constraints on the instrument design (i.e., column dimensions,
heating rates, and flow rates). In particular, special attention was
devoted to buoyancy related issues that affect the instrument’s675
performance. Large temperature gradients and their associated
density variations lead to the development of secondary buoy-
ancy flows that induce undesired pressure gradients and mix-
ing. Consequently, buoyancy flows pose a limit on the maxi-
mum temperature gradient that one may use. Earlier attempts680
by Rogers and Squires (1977) to produce a similar instrument
yielded a broad droplet spectrum (compared to that expected
when droplets experience the same growth history) because of
degraded performance resulting, in part, from a nonlinear tem-
perature profile along the wetted column and potential flow in-685
stabilities in certain operating conditions.

Buoyancy effects were evaluated by quantifying the radial
change in the streamlines—the maximum amount of change in

streamlines perpendicular to the expected flow (Figure 5). For
all simulated conditions, there is a notable increase in the devi- 690
ation of streamlines from straight, laminar flow as the column
radius exceeds 12 mm. Flow in the radial direction (induced by
convection) near the wetted surface distort diffusional processes
and change the centerline supersaturation. As shown by the rel-
atively small influence of flow rate in Figure 5, the column ra- 695
dius is most critical in preventing excessive buoyancy forces.
Such effects are expected as the Grashof number (a nondimen-
sional description of buoyancy forces) scales with R3 and the
wall temperature gradient, G. Increasing the flow rate prevents
the development of radial flows, but if too fast it may not allow 700
sufficient residence time for growth or even prevent the super-
saturation profiles from fully developing. At low supersatura-
tions, low flow rates are necessary to provide the residence time
required for activated droplets to grow to a detectable size and
also be differentiated from interstitial (i.e., unactivated) parti- 705
cles. However, low flow rates are more susceptible to buoyancy
effects and the droplet residence time is ultimately limited by
their terminal settling velocity. We operate the CCN instrument
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FIG. 5. Model simulations of streamline deviations in the chamber as a function of column radius for a range of flow rates and temperature gradients.

with flow in the downward vertical direction to eliminate prob-
lems associated with the suspension of larger droplets in the710
sample flow. Heating rates greater than 34.1 K m−1 are accept-
able (Figure 5); however, our design avoids flow reversal for
temperature gradients of 15 K m−1 at a flow rate of 1l min−1,
which corresponds to a supersaturation of ca. 3% and is suffi-
ciently high for ambient measurements.715

Optical Detection Constraints
For the measurement to be quantitative, all particles above

the detection threshold must correspond to activated droplets.
When measuring CCN at supersaturation levels greater than
0.2%, interstitial (i.e., unactivated) aerosol is smaller than the720
1 µm threshold. However, as the instrument supersaturation
decreases, there is a risk of miscounting droplet concentrations,
as the equilibrium size of interstitials can exceed the detection
threshold size. Using Köhler theory for calculating interstitial
equilibrium size, the lowest limit in supersaturation for a725
1 µm threshold is 0.13% for (NH4)2SO4 aerosol and 0.2% for
a hydrophilic insoluble particle. Therefore, to obtain measure-
ments of CCN at lower supersaturations, the threshold size
must be increased. This is important, as simulations suggest
that the instrument is capable of producing supersaturations730
less than 0.1%.

Although increasing the threshold detection size, Dp
o, im-

proves the instrument dynamic range, the residence time for
growth, τRg = πR2Lg/Q, where Lg is the length of the chamber
available for growth (i.e., where the fields are developed), im-735
poses an upper limit on Dp

o because droplets need a finite time,
τ g, to grow to the threshold size. A rough estimate of τ g, can be

determined from Equation (7); neglecting curvature and solute
effects,

dDp

dt
= GS

Dp
, [17]

where G = ρwRgT/4Po
H2OD′

vMw + �Hvρw/4k′
aT (�Hvρw/ 740

T Rg − 1) ≈ const. Assuming that the inlet size of the CCN
is Di

p, and that growth is experienced only when the supersatu-
ration profile is developed (a reasonable assumption if the entry
length is small compared to the total tube length), then Equa-
tion (17) can be integrated to yield the size of the droplet when 745
it reaches the OPC:

Do
p = (

Di
p + 2GSτg

)1/2
. [18]

Since Do
p must be at least equal to the threshold droplet de-

tection size, then the minimum τ g is:

τg =
(
Do

p

)2 − (
Di

p

)2

2GS
. [19]

Equation (19) illustrates why τ g increases when the instru-
ment S is lowered: (1) the driving force for growth (S) de- 750
creases, and (2) Dp

o increases so that interstitial aerosol can be
distinguished from activated CCN (i.e., because Dpc increases).
One must note that as a consequence of Köhler theory, Dp

i also
increases with decreasing S; this effect, which tends to decrease
τ g, is rather small. 755

The combination of the growth and residence timescales
(i.e., τRg > τ g) yields a criterion that ensures the detectability
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of droplets in the instrument,

2πR2LgGS

Q
[(

Do
p

)2 − (
Di

p

)2] < 1. [20]

INSTRUMENT EVALUATION

Monodisperse Aerosols760

The principle of the new CCN instrument was validated
by activating laboratory generated aerosol of known composi-
tion and comparing measurements to Köhler theory. Each ex-
periment is carried out by keeping the instrument supersatura-
tion fixed and measuring the degree of activation when chang-765
ing the inlet particle size. Monodisperse aerosol is produced
by nebulizing a (NH4)2SO4 solution, which is subsequently
dried, charged, and classified by a differential mobility analyzer
(DMA; TSI 3081). The classified aerosol size is controlled by
varying the flow rates and electric field within the DMA. A mix-770
ing volume at the outlet of the DMA uniformly distributes the
aerosol, which is simultaneously sampled by a scanning mo-
bility particle sizer (SMPS; TSI 3081), a condensation parti-
cle counter (CPC; TSI 3010) and the streamwise CCN instru-
ment. The SMPS confirms the monodisperse output of the first775
DMA and quantifies the amount of multiple charged particles
(Figure 6); the latter become important when large particles
are classified. Several scans (1 min each) of the size distri-
bution are obtained for each monodisperse output to ensure
reproducibility during the calibration. Figure 6 illustrates a780
series of monodisperse distributions during a calibration cy-
cle, which includes 20 DMA-selected sizes and 3 scans at
each size. After selecting a new median size from the DMA,
the mixing volume requires less than a minute to equilibrate;
consequently, the first scan of a new size is omitted in the785
analysis. The remaining scans are averaged and the median
diameter of the distribution determines the dry particle size
for the calibration. The integrated droplet distribution from
the SMPS yields the total aerosol concentration and is gener-
ally within 30% of the CPC measurements. The SMPS con-790
centrations are normalized to the average number concentra-
tions recorded by the CPC for the same scan period. Num-
ber and droplet concentrations are recorded every second by
the CPC and CCN, respectively, and range between zero
and 104 particles cm−3. The CPC counter has detection ef-795
ficiency near 100% for particles with diameters larger than
0.018 µm and is used as a reference for comparing the activated
fraction of CCN to total aerosol concentration. The median di-
ameter of the monodisperse size distribution that activates 50%
of the aerosol to CCN is used to calculate the corresponding su-800
persaturation of the CCN instrument using Köhler theory (as-
suming a van’t Hoff factor of 3).

The instrument yields sharp activation curves (Figure 6),
and verifies the novel technique of generating a supersatura-

tion profile. Several experiments at different operating con- 805
ditions (i.e., different flow rates and temperature gradients)
were performed to assess the overall performance of the in-
strument (Figure 6). These experiments were performed at am-
bient pressure (ca. 1000 mbar) and temperature (ca. 298 K).
The entrance of the wetted column was heated to 302 K. 810
At a flow rate of 500 cm3 min−1 and measured temper-
ature difference between the ends of the column of 5 K,
a sharp rise in the activated droplet concentration occurred
at a mediam diameter of 68.0 nm. Using Köhler theory
for (NH4)2SO4 aerosol, the corresponding critical supersat- 815
uration of 68.0 nm diameter particles is 0.26%, which we
also infer to be the centerline supersaturation of the column.
Model simulations suggest that a temperature difference of
5 K should yield ca. 0.4% supersaturation; however, these cal-
culations do not account for the insulating effects of the filter 820
paper and the placement of the temperature probes in the orig-
inal design. Thus, the nominal temperature difference does not
reflect the actual temperatures at the wetted surface facing the
flow. For the model predictions to match the inferred supersat-
uration, the effective temperature difference between inlet and 825
outlet shoud be about 2.5 K, or 50% of the nominal difference of
5 K. This decrease in effective temperature difference is an in-
herent feature to any CCN instrument (e.g., Chuang et al. 2000;
Nenes et al. 2001a). For a 2.5 K nominal temperature difference
and a 50% effective temperature drop across the filter paper, the 830
model predicts a supersaturation of about 0.1%, which is very
close to the 0.09% inferred by the calibration (Figure 6). In the
current design, we have reduced this temperature difference be-
tween model and experimental results by changing the temper-
ature probes and using a porous, conductive wetting material. 835

For reduced flow (i.e., 300 cm3 min−1) and a 5 K nominal
temperature difference, a sharp rise in the activated droplet con-
centration occurred at a median diameter of 129 nm. In light
of the discussion from the section, “Flow and Streamline Con-
straints” above, 129 nm particles have a critical diameter of 840
1.5 µm, which is above the 1 µm diameter threshold for defin-
ing CCN. Hence, to characterize activated CCN for particles
associated with lower supersaturations, the detection size must
be increased accordingly, and the configuration of the instru-
ment must be modified to allow for longer residence time in the 845
column (either by extending the column and/or reducing the
flow rate). Although three of the growth curves in Figure 6 rep-
resent droplet growth for aerosol below the nominal minimum
supersaturation of the instrument, the sharp curves illustrate the
instrument’s ability to detect and measure droplet growth. The 850
model predicts that the effective temperature difference should
be 1.75 K (0.1% supersaturation) if the nominal value is set to 5
K at 300 cm3 min−1, for a 2.5 K nominal temperature difference
and a 65% effective temperature drop across the filter paper, the
model predicts a supersaturation of about 0.05%, which is close 855
to the 0.06% inferred by the calibration (Figure 6). It should be
noted, however, that at this very low supersaturation level us-
ing a 1 µm cutoff diameter for the droplet detection may not
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FIG. 6. Calibration and growth curves of CCN at different operating conditions. The dry diameters are based on median diameters from Figure 6. Aerosol at a
particular dry diameter is considered activated when the ratio of CCN (i.e., droplets greater than 1 µm) to total aerosol is greater than 0.5. The shoulders result
from multiple charge particles from the DMA classification.

be sufficient to differentiate interstitial from activated droplets
(see section “Optical Detection Constraints” above).860

Polydisperse Aerosols
Ambient aerosol are polydisperse, and their concentration

varies orders of magnitude—from more than 103 cm−3 (e.g.,
Herrerra and Castro 1988) to fewer than 10 cm−3 (e.g., Radke
and Hobbs 1969); the instrument should perform well for this865
wide range of aerosol conditions. To test the performance of the
instrument at a range of concentrations of a known number of
CCN, we produced broad aerosol distributions to approximate
ambient number distributions using a (NH4)2SO4 aerosol. The
setup was similar to the setup in the preceding section; how-870
ever, the ratio of flow rates on the DMA was changed to yield
a broad size distribution (i.e., using a flow ratio of nearly 2 to
1 for sheath and aerosol flows in the DMA). The polydisperse
tests described here were performed at the same supersaturation
with (NH4)2SO4 aerosol. Four size distributions were selected875
(Figure 7) with median diameters of ca. 48, 65, 83, and 100 nm.
By producing broad distributions of a known composition (i.e.,
(NH4)2SO4), we verify the performance of the CCN instrument.
In the monodisperse calibration (see the preceding section), we
determined that the supersaturation of the instrument operating880
at a flow rate of 500 cm3 min−1 with a measured temperature
difference of 5 K yielded a sharp cutoff at 68.0 nm (0.26% S).
Extending the results from this calibration, the dashed line in

Figure 7 shows the critical size for the given operating condi-
tions. Figure 7 shows the interscan variability, which was small 885
for most of the scans. By integrating each of the number distri-
butions for particle diameters greater than the critical diameter,
we obtain the expected CCN concentrations. Figure 8 shows
a strong 1:1 relationship between the expected and measured
CCN concentrations (r2 = 0.81; n = 26). For 65 nm particles, 890
for example, there are CCN predictions at 6 sizes from 300 to
9000 cm−3. The number concentration decreases with time as
the impactor in front of the classifying DMA gradually collects
aerosol and increases its efficiency as a filter. At smaller con-
centrations, the size distributions were not as reproducible and 895
introduced significant errors in the expected CCN concentra-
tions. There variations are especially noticeable for size distri-
butions centered at 65 nm and near the critical diameter of 68
nm. If these outliers are removed, the correlation improves to r2

= 0.998. No significant rolloff from coincidence losses was ob- 900
served until droplet concentrations exceeded 8000 cm−3, and
these might be easily addressed by increasing the sheath-to-
aerosol ratio.

SUMMARY
To address the need for fast and high-quality CCN mea- 905

surements, we have developed an instrument that employs a
simple yet robust method of precisely generating a supersatu-
ration within a axisymmetric flow geometry. By maintaining a
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FIG. 7. Polydisperse dry aerosol distributions of (NH4)2SO4. The vertical
dashed line shows the calibrated critical diameter at 500 cm3 min−1 and a mea-
sured temperature gradient of 5 K. Particle sizes larger than the vertical dashed
line are expected to be CCN active. The actual values of the verticalaxis are not
shown because they change after each cycle.

constant wall temperature gradient along the flow direction,
differences in thermal and water vapor diffusivity establish910
a quasi-uniform supersaturation at each flow streamline. The
main features of this instrument are as follows:

• Continuous flow allows fast sampling (at least 1 sam-
ple per second), which is suitable for airborne mea-
surements.915

• Supersaturation along a streamline is nearly constant.

FIG. 8. Measured versus calculated CCN concentration using the polydis-
perse dry aerosol distributions of known composition. SMPS Dp represents the
desired diameter of each polydisperse size distribution. Actual median diame-
ters were calculated during analysis.

The maximum supersaturation is located at the center-
line, which maximizes droplet growth.

• Supersaturation is a function of flow rate, pressure,
and temperature, and it can be easily controlled and 920
maintained.

• Axisymmetric geometry reduces buoyancy effects and
thus size (because lower flow rates can be used).

• The same supersaturation can be generated from dif-
ferent combinations of wall temperature gradients and 925
flow rates.

The principle of the CCN chamber has been validated
by controlled laboratory experiments and independent closure
measurements. The calibration of the CCN instrument yields
a sharp activation curve using monodisperse aerosol of known 930
composition, such as ammonium sulfate, and it agrees well with
theoretical predictions based on Köhler theory. The operating
range of the CCN instrument, based on the current configura-
tion, is between 0.13 and 3% supersaturation. The lower limit is
controlled by the 1 µm threshold in the droplet detection, since 935
lower supersaturations would result in counting biases. The up-
per limit is constrained by the development of secondary flows
from thermal buoyancy effects at sample flows of 1 lpm. Sim-
ulations indicate that much lower supersaturations can be mea-
sured with modest modifications to the flow chamber. By main- 940
taining a quasi-uniform supersaturation along the flow axis, our
design minimizes measurement uncertainty related to different
droplet growth times.

Although the full potential of the new design has yet to be
explored, the value of this research tool for studying aerosol– 945
cloud interactions has already been demonstrated (e.g., Van-
Reken et al. 2003). It is clear that the unparalleled flexibility
in controlling supersaturation together with the simplicity and
compactness of the design provides a much-needed methodol-
ogy for routine CCN measurements. 950

NOMENCLATURE

ac condensation coefficient
aT thermal accommodation coefficient
C water vapor concentration
cp heat capacity of air 955
Dp droplet diameter
D′

ν , Dv, Dv,o diffusivity of water vapor in air
G wall temperature gradient
Jbouy momentum from thermal buoyancy effects
Jcond rate of condensation of liquid water 960
ka, k′

a thermal conductivity of air
Ma mean molar mass of air
Mw molar mass of water
N droplet concentration
ns moles of solute per particle 965
P ambient pressure
Po

H2O equilibrium water vapor pressure
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PH2O partial pressure of water vapor
Q air flow rate
R column radius970
r, z radial and axial coordinates
Rg universal gas constant
Seq

R equilibrium supersaturation ratio
Sφ source term (Table 1)
SR saturation ratio975
S Supersaturation, SR-1
T temperature
Tbulk radially averaged temperature
To, Po reference temperature and pressure
u, v air velocity in radial and axial directions980
V average air velocity
wL liquid water content
xC distance of water vapor propagation
xT distance of heat propagation

Greek Letters985

α diffusivity of heat
�Hν enthalpy of evaporation
φ dependent variable (Table 1)
	φ transport coefficient (Table 1)
ρa density of air990
ρw water density
σ CCN surface tension
τC timescale of water vapor transfer to centerline
τT timescale for heat transfer to centerline
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